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CHAPTER I 
A CONDENSED LITERATURE REVIEW OF PHRAGMITES AUSTRALIS 
HISTORY AND SPREAD 
 
 Phragmites australis (Cav. ) Trin.  Ex Steudel (common reed) is well 
known as a problematic invasive species of North American tidal marshes.  
Phragmites seeds and vegetative propagules have the potential to spread via 
wind or water (Fér and Hroudová 2009).  They are dispersed on tidal waters, in 
floating wrack (Minchinton 2006), particularly as a result of storm and ice 
scouring events (Chambers et al. 1999), and by birds (Brochet et al. 2009). 
Phragmites can also be spread by humans, through anthropogenic activities 
such as the building of homes, businesses, and recreational areas on or near 
tidal marshes (Chambers et al. 1999, Burdick and Konisky 2003). The following 
review will provide a brief overview of Phragmites’ ecological advantages, 
including its reproductive capacity and nutrient uptake, as they relate to its 
dispersal and expansion in coastal areas.  
 
 Morphological characteristics and taxonomy 
 
 Phragmites australis, a perennial monocot, is a member of the family 
Poaceae.  Phragmites gets its name from the Greek word for fence and was 
formerly referred to as Phragmites communis. It is an erect plant growing to 2-5 
meters in height.  Its leaves are long and tapering and can be up to 61 cm in 
length and 5.1 cm in width.  Its stem is round, thick and hollow and has a terminal 
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inflorescence with a panicle 20.3 to 40.6 cm in size (Swearingen and Saltonstall 
2010, Tiner 2009). The flowers of this angiosperm usually appear as clusters that 
are initially a purplish color, but become more feathery and white to light brown 
as they get older (Tiner 2009). 
 Across the globe, 27 subspecies of Phragmites australis have been 
identified (Saltonstall 2002). The two lineages found in New England, native 
Phragmites australis subspecies americanus and invasive Phragmites australis 
(Haplotype M), require genetic testing to definitively differentiate between them; 
however, they do display differences in appearance that can help to distinguish 
them in the field.  For instance, the native strain usually has lighter colored 
leaves and may have a dark red coloration at the stem nodes and internodes, in 
addition to spots from a native fungus (Swearingen and Saltonstall 2010). The 
native usually begins flowering in July, while the invasive does not flower until 
August (Tiner 2009).    
 
 History of Phragmites australis in North America 
 The native haplotype, Phragmites australis subsp. americanus, has been 
present in New England for at least 10,000 years (Bertness et al. 2002). 
Indigenous peoples in the United States utilized this grass to make mats, 
cigarettes, flutes, and other useful objects (Swearingen and Saltonstall 2010), 
and therefore benefitted from its presence.  The introduced Eurasian lineage, 
Haplotype M, often considered a nuisance, arrived in ballast material on ships 
from Europe in the late 1700s or early 1800s (Swearingen and Saltonstall 2010, 
	  3	  
	  
Bertness et al. 2004, Burk 1877). Subsequent spread of these plants in tidal 
marshes could have been due to human alterations of marshes, such as 
dredging (Burk 1877) and even mosquito ditching (Marks et al. 1994). 
Hybridization among the native and invasive lineages in the wild is extremely rare 
(Saltonstall 2011, Hauber et al. 2011, Kirk et al. 2011). However, in 2014, a wild 
hybrid was confirmed in New York State (Saltonstall et al. 2014).  
 
 Habitat and salinity 
 Phragmites is increasingly found in North America in a variety of tidal 
wetland environments, from polyhaline to freshwater coastal marshes (Chambers 
et al.1999 Meyerson et al. 2000). In New England salt marshes, Phragmites was 
historically restricted to high marsh/upland border areas, which researchers 
hypothesized was due to the native's intolerance of high salinity water.  However, 
invasive Phragmites is now known to invade low marsh areas, where salinities 
are higher (Amsberry et al. 2000, Vasquez et al. 2005). While there is not a 
specific salinity value recorded above which Phragmites cannot survive, 
rhizomes typically cannot tolerate salinity levels above 18 ppt (Bart et al. 2006).  
However, a clonal individual (ramet) in a highly saline environment can be 
assisted by a ramet located in a more hospitable location since these plants are 
connected to one another through a network of underground rhizomes.  Without 
this support, Phragmites would be unable to survive in a polyhaline environment 
(Amsberry et al. 2000). Also, seedlings are more vulnerable to higher salinities 
than older plants (Bart et al. 2006).  
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 Nutrient impacts 
 In mid-Atlantic tidal marshes, Phragmites has been shown to require 
almost four times more nitrogen than the native Phragmites, a supply many 
current coastal areas can provide (Modzer et al. 2010). In reality, simply being in 
a watershed that has been greatly altered can put a marsh at risk for significant 
modification by Phragmites (King et al. 2007). Shoreline development near 
marsh borders is believed to promote Phragmites invasion. King et al. (2007) 
found that Phragmites flourished in coastal wetlands whose borders were >15% 
developed, and shoreline development also correlated with higher nitrogen 
content in Phragmites leaves. Silliman and Bertness (2004) reported invasion 
rates of 1.5 m/year near developed shorelines.  Invasive Phragmites has a 
competitive advantage over many other plants in taking up nitrogen (Mozder et 
al. 2010) and maintaining high rates of photosynthesis (Mozder et al. 2010).  
 Chambers et al. (1998) found that Phragmites is sensitive to the sulfidic 
conditions created by the influx of seawater.  They found that porewater sulfide 
concentrations in Phragmites patches (124 ± 206 µM) were an order of 
magnitude less than in neighboring Spartina alterniflora patches.  While both 
species are more tolerant of sulfides than other species such as Spartina patens, 
Setaria magna, and Atriplex triangularis, S. alterniflora seedlings have an 
advantage over Phragmites seedlings. Sulfide inhibits seedling growth and in 
some cases results in a loss of biomass in Phragmites. The upper limit of sulfide 
tolerance for Phragmites is between 0.4 and 0.9 mM, a range more favorable for 
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S.  alterniflora seedling growth (Seliskar et al. 2004).  
   
 Competitive and reproductive advantages 
 The common reed is also a fierce aboveground competitor.  Its robust 
stems allow it to stand taller than surrounding plants and provide its leaves with 
abundant sunlight.  The density and height of living stems is correlated with light 
availability.  Low light levels created by Phragmites at the sediment surface then 
hinder the growth of other plant species (Meyerson et al. 2000, Holdredge and 
Bertness 2011).  Phragmites stems are pliant and adjust to the conditions in 
which they are growing, which explains the variation in plant heights reported in 
the literature (Holdredge and Bertness 2011, Minchinton and Bertness 2003).  
Additionally, the detritus from dead stems and leaf litter cause marsh surface 
temperatures to decrease and can result in increases in marsh surface elevation 
(Meyerson et al. 2000).  
 The invasive Phragmites is extremely aggressive and outcompetes other 
marsh plants to form monocultures, whereas the native lineage usually forms 
mixed stands with other wetland plants (Saltonstall 2002, Swearingen and 
Saltonstall 2010).  Invasive Phragmites stands can completely transform a marsh 
system from its original state by displacing native marsh plants (Burdick and 
Konisky 2003, Marks et al. 1994).  In uninvaded marsh systems, plant species 
richness can be three times greater than in an invaded marsh (Silliman and 
Bertness 2004).  In a removal study of Phragmites litter (only), native plants were 
able to recolonize areas where they previously had been forced out due to low 
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light availability.  Phragmites survives by extending its rhizomes through 
uninhabited bare space left under wrack deposits.  The pointed tillers on the 
rhizomes can subsequently force their way up through the wrack (Holdredge and 
Bertness 2011).  The common reed is also successful belowground because it 
has long roots, which can reach 80 cm in length and 3-4 mm in diameter, thus 
making it difficult for other plants to grow in the same area (Burdick and Konisky 
2003). These long roots can also reach deeper within the soil to obtain fresher 
water, avoiding saltier water near the surface.  
 Another competitive advantage of Phragmites is that it is able to 
reproduce clonally as well as sexually.  Asexual reproduction is advantageous 
because cross-pollination is not needed for a patch to grow in size and 
consequently dominate an area.  In one growing season, rhizomes can develop 
runners over three meters in length (Swearingen and Saltonstall 2010).  
Phragmites can spread toward marsh interiors either from upland borders or from 
ditch/ creek bank levees.  Stands can also invade in an ostensibly random 
pattern, which may be the result of accidental human transport or rafting of 
propagules (Bart et al. 2006).  Lathrop et al. (2003) found evidence that clonal 
spread can be linear or random.  However, as mentioned previously, lower soil 
salinity and sulfide levels as well as the need for rhizome fragments to be buried 
in well-drained soil are major drivers of propagule establishment (Bart et al. 2006, 
Haslam 1971).   
 In a study by Maheu-Giroux and de Blois (2007) in southern Québec 
(Canada), Phragmites inflorescences were determined to produce 350-800 
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viable seeds each.  In marshes along the Rhode River of Chesapeake Bay, 
viability of Phragmites seeds ranged from 0-60% (Kettenring et al. 2010). Debate 
has occurred about how viable the seeds are, (Belzile et al. 2010, Maheu-Giroux 
and de Blois 2007) but it appears that seed viability increases with cross 
pollination and higher genetic diversity within stands (Kettenring et al. 2011). 
Greater nutrient availability also impacts floret and inflorescence production 
(Kettenring et al. 2011).  
 
 Dispersal of Phragmites 
 Fér and Hroudová (2009) determined that Phragmites patches of the 
same genotype could exist at distances of 0.5 to 10.8 km from each other in a 
small river in the Czech Republic, and concluded that clonal individuals could 
undergo long-distance dispersal.  As mentioned previously, alterations to the 
marsh itself can lead to the uprooting of rhizome fragments, which can be 
dispersed and subsequently grow in other areas.  It is not uncommon to find 
rhizome fragments on marsh surfaces (Tiner 2009). According to the work of 
Haslam (1969), a rhizome segment can sprout new buds and shoots in a 
laboratory setting only if the fragment is at least 20 cm long and contains three 
nodes.  However, for a rhizome fragment to successfully establish in a marsh, it 
must be buried in well-drained sediment, have good aeration, and not be buried 
so deep that it is unable to access vital surface nutrients (Bart and Hartman 
2002, Haslam 1971). Otherwise, the fragment will simply wash away, dry out, or 
become subject to anoxic conditions in the soil (Bart and Hartman 2002).  
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 Long distance dispersal occurs primarily by seeds, which can travel via 
wind and/or water (Fér and Hroudová 2009). Also, although not a common 
practice, Phragmites has been identified for sale in garden nurseries (Kirk et al. 
2011), thereby providing another vector for its transport.     
  
 Ecosystem services   
 Invasive Phragmites can impact the structure and function of marsh 
systems by causing changes to both abiotic and biotic factors.  While some of 
these alterations may have negative impacts, others may actually be of benefit - 
providing advantages for the ecological system under study. For example, it has 
been demonstrated that Phragmites presence can (in some cases) have 
negative effects on nekton species such as mummichogs (Fundulus heteroclitus) 
(Able and Hagan 2003), and many species of wetland birds (Benoit and Askins 
1999). However, other tidal wetland animals are not seriously hindered by 
Phragmites, such as blue crabs (Callinectes sapidus) and grass shrimp 
(Palaemonetes pugio) (Long et al. 2011, Weis and Weis 2003). Certain species 
of insects, spiders, and mollusks are also more abundant in Phragmites stands 
than where other grasses are dominant (Meyerson et al. 2000). The amount of 
tidal flushing and the availability of marsh pools will impact what species can 
thrive in a Phragmites-dominated environment (Fell et al. 1998).  
 After only three years of Phragmites invasion of Hog Island tidal marshes 
(Mullica River, New Jersey), soil water levels, surface microtopographic relief, 
and surface sediment salinity were reduced.  As Phragmites biomass increased, 
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soil redox potential increased (Windham and Lathrop 1999). These changes in 
soil characteristics then cause changes in plant community structure and 
assemblages.  For instance, higher soil nitrogen allows Spartina alterniflora to 
outcompete Spartina patens and Juncus gerardii (Bertness et al. 2004). 
However, management of Phragmites stands, including thinning or containing 
patches, can help keep negative changes in check (Kiviat 2013).    
 Many people living near Phragmites sites feel that their aesthetic and 
recreational spaces have been damaged or degraded (Boone et al. 1987, 
Hellings and Gallagher 1992). Phragmites patches are also a fire hazard, which 
can be a serious cause for concern (Hellings and Gallagher 1992). Yet, 
controversy about this invasive species exists, because in the case of marsh loss 
due to sea-level rise, marshes comprised of Phragmites might help protect the 
marsh area through enhanced sediment accretion and increased shoreline 
protection compared to other marsh types (Chambers et al. 1999, Howard et al. 
2008). Additionally, Phragmites can sequester excess nutrient pollution and 
heavy metals (Srivastava et al. 2013). Therefore, situational factors should be 
considered in management decisions.  Wetland environments are both dynamic 
and complex systems, and therefore valuing Phragmites marshes as "good" or 
"bad" is rather complex and subjective (Warren et al. 2001, Ludwig et al. 2003).  
 
 Control and management of Phragmites  
 Many tactics have been utilized to control Phragmites spread: mechanical 
mowing/ cutting, chemical herbicides, burning, excavation, hydrologic restoration, 
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and biological controls such as plant competition and animal grazing (Hazleton et 
al. 2014). A review from 2005-2009 concluded that US and private conservation 
organizations spent over $4.6 million dollars annually to manage Phragmites 
without increasing long-term ecological benefits (Martin and Blossey 2013). 
Herbicide is a primary means of control (Hazleton et al. 2014), and in Martin and 
Blossey's (2013) study, 94% of managers evaluated utilized this method in the 
management of over 80,000 ha.  
 Hazleton et al.’s (2014) review of 40 years of Phragmites management in 
the U. S. recommended more watershed-scale efforts and also that restoring 
native plant communities should be a component of control.  While excavation 
may be the best option to completely remove the invader, it requires a great deal 
of money and time that often is unavailable.  Endeavors of this nature also 
require preparedness to avoid further spread of rhizome fragments.  
Cutting/mowing is a quick approach, and if done before flowering may aid in 
lessening dominance of this species, but should be combined with other methods 
to enhance success (Hazleton et al. 2014). Ludwig et al. (2003) reminds 
practitioners that decisions should not be one-dimensional or focus solely on 
returning a marsh to exactly the way it was before the invasion occurred.  Their 
decision model emphasizes "sound science, feasible action, and valuing 
judgments".  
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 Research focus 
 Since Phragmites can be transported by water, the purpose of this 
research was to take a closer look at its hydrodynamic dispersal and spread in 
the Saco River estuary to determine if any relationships exist between dispersal 
routes, patch locations, clonal diversity, surrounding land use, and nutrient 
availability.  While a few larger patches exist, small patches have more recently 
appeared in the estuary's marshes.  Taking inspiration from Fér and Hroudová 
(2009), we wanted to establish where propagules are most likely to be distributed 
and if existing patches are primarily clonal.  We were also interested to see what 
factors correlate with patch expansion in the estuary.  Our results will be useful 
for developing mitigation schemes to prevent the invasive lineage from spreading 
further and altering the Saco River estuary's valuable marsh communities.  While 
this study may be restricted to a small geographic area, the findings can be 
applied to other marsh ecosystems invaded by Haplotype M.  
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ABSTRACT 
TRANSPORT REGIMES AND SPREAD OF THE COMMON REED, 
PHRAGMITES AUSTRALIS, IN THE SACO RIVER, ME, USA 
 
by 
Michelle A.  Slater 
University of New England, August, 2015 
 
 Allee effects are important to species invasions because population 
growth may be limited by low outcrossing potential in newly founded populations 
leading to depressed levels of fitness. Non-native Phragmites australis (common 
reed) has been present in the United States for over 200 years, but has been 
slow to reach some areas, possibly owing to the Allee phenomenon, whereby 
young or isolated Phragmites patches with initially low genotypic richness are 
slow to recruit viable seedlings due to inbreeding, which limits the rate of patch 
expansion. In order to explore the importance of the Allee effect in a recently 
invaded system, the Saco River estuary of southern Maine, we characterized the 
genotypic richness of Phragmites patches using molecular markers to determine 
whether it was correlated with patch vigor.  In addition, we evaluated the degree 
to which genotypic richness was controlled by the hydrodynamics of the estuary, 
which would be expected to strongly influence waterborne propagule dispersal, 
as well as a variety of environmental influences, particularly land development. 
Our models indicate that patch vigor (i.e. expansion) was not influenced by 
genotypic richness directly, but that the two were driven by somewhat 
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overlapping sets of environmental variables. Stem heights were found to be 
positively affected by ammonium levels in marsh sediments, although we did not 
see a correlation with other nutrients as observed in previous studies. Our 
findings indicate that genotypic richness was positively influenced by specific 
land-cover types: the presence of nearby open fresh water, barren sand, and 
low-level human development. Additionally, seed viability appeared both low and 
random. We conclude that there is evidence for an Allee effect in the Saco River 
estuary, in the form of a positive relationship between genotypic richness and 
patch vigor in the form of stem density, in addition to low levels of seed viability in 
most patches.   
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CHAPTER 2 
TRANSPORT REGIMES AND SPREAD OF THE COMMON REED, 
PHRAGMITES AUSTRALIS, IN THE SACO RIVER, ME, USA 
  
 Introduction 
  The spread of invasive species may be constrained by limits to 
dispersal and/ or the Allee effects associated with population expansion. An Allee 
effect refers to the positive correlation between average individual fitness/ 
population growth rate and population size (Taylor & Hastings 2005).  When 
conspecific density is low, individuals will experience low fitness (Stephens et al. 
1999). Animal researchers have identified a variety of mechanisms underpinning 
Allee effects, including sexual selection, lack of mates, and asynchrony in the 
reproductive period of likely mates (Taylor & Hastings 2005). However, Allee 
effects are not limited to animals, and can be regularly seen in plants also 
(Groom 1998). Berec et al. (2006) suggest that all types of species may be 
affected by multiple Allee effects including natural or exploited populations of 
vertebrates, invertebrates, plant species, as well as marine and terrestrial 
organisms. For instance, the marsh plant, Gentiana pneumonanthe, experiences 
reduced pollination success and greater degrees of inbreeding thus leading to 
lower levels of fecundity. Varying degrees of fecundity may therefore affect levels 
of natural regeneration (Juez et al. 2014). 
 Allee effects are particularly important in species invasions because newly 
introduced species nearly always start out with small population sizes. Lewis & 
Kareiva (1993) demonstrate that early spread of invading species may be slower 
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than later progressions due to Allee effects.  This phenomenon is important to 
note because invasions with unidentified Allee effects can lead to management 
problems resulting from inaccurate estimations of future population explosions 
(Hastings 1996). There are various modes by which invasive species may 
disperse and thereby overcome critical Allee thresholds, below which extinction 
is predicted to occur (Taylor & Hastings 2005). Vectors for propagule dispersal 
include wind, migratory animals, human transport, extreme weather phenomena, 
and also ocean currents. Landscape type may affect the spread of propagules 
through the environment, e.g., more open areas may allow for longer dispersal 
distances (Damschen et al. 2008, Hampe et al. 2011, Nathan et al. 2008).  
In this study, we examine how an Allee effect may be at work in the 
spread of non-native Phragmites australis (Cav.) Trin. Ex Steudel (common 
reed). At present, North America is being invaded by a Eurasian lineage of 
Phragmites, which is suspected to have arrived on the East Coast of the United 
States in the late 1700s-early 1800s via ballast material from ships (Swearingen 
& Saltonstall 2010, Bertness et al. 2004, Burk 1877). Currently, Phragmites is 
invading tidal marshes in coastal estuaries. While there are some benefits to 
Phragmites presence, such as enhanced sediment accretion and increased 
shoreline stabilization (Chambers et al. 1999, Howard et al. 2008, Coops et al. 
1996), there are many drawbacks. The aggressive spread of non-native 
Phragmites is considered problematic by resource managers and landowners 
alike (Boone et al. 1987, Hellings & Gallagher 1992), because it outcompetes 
native plant species and brings about a myriad of ecological changes (Burdick & 
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Konisky 2003, Marks et al. 1994, Swearingen & Saltonstall 2010), such as 
reduced plant diversity (Saltonstall 2002), a decrease in nutrient cycling (Warren 
et al. 2001), altered avian communities (Benoit & Askins 1999), and recruitment 
limitations for tidal marsh fish such as mummichogs (Fundulus heteroclitus; (Able 
& Hagan 2003).   
Phragmites spread has been shown to be limited by weak Allee effects 
(Kettenring et al. 2011, McCormick et al. 2010). Due to being a clonal species, 
Phragmites does not exhibit a critical Allee threshold, which could otherwise lead 
to the rapid extinction of small Phragmites populations (Stephens et al. 1999). 
Low genotypic richness within isolated Phragmites patches creates an Allee 
effect by controlling rates of outcrossing and thus the recruitment of viable 
seedlings. In turn, this occurrence contributes to less robust growth and less 
rapid patch expansion (McCormick et al. 2010, Kettenring et al. 2010). Being a 
clonal plant, with a dense network of underground rhizomes, Phragmites can 
spread toward marsh interiors either from upland borders or from ditch/ creek 
bank levees (Bart et al. 2006). In other words, Phragmites often initially colonizes 
at relatively high elevations and then spreads to lower elevations. Additionally, 
shoreline development and increased nitrogen inputs near marsh borders have 
been correlated with Phragmites invasion rates (Silliman & Bertness 2004, King 
et al. 2007). 
 Phragmites is also known to spread over larger distances, appearing in 
new areas in a seemingly random pattern, which likely results from waterborne 
rafting of propagules, either clonal fragments or seeds, or accidental transport by 
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humans (Bart et al.2006). Proliferation of Phragmites may also occur via wind-
blown dispersal of seeds or following seed consumption by organisms such as 
birds (Brochet et al. 2009). In a dispersal study by Fér and Hroudová (2009), 
seeds were observed to be the dominant propagule, but the researchers also 
observed that clonal fragments can undergo long-distance dispersal through 
rafting (Minchinton 2006, Chambers et al. 1999). Ultimately, these dispersal 
factors may help to control genotypic richness values in isolated Phragmites 
stands and, thus, their overall vigor and rate of spread.   
  Our study provides a novel test of the relative importance of the Allee 
effect in controlling the spread of an invasive species by focusing on the factors 
affecting the spread of Phragmites within the tidal portion of the Saco River in 
southern Maine. Importantly, Phragmites patches in this area may be subject to 
Allee constraints. We characterized the genotypic richness of Phragmites 
patches using molecular markers and evaluated the degree to which its spread 
was controlled by  the hydrodynamics of the estuary, which would be expected to 
strongly influence waterborne propagule dispersal. We also determined the 
extent of development near marshes, and the availability of nitrogen in marsh 
soils as potential factors influencing the spread of this invasive. Knowing that the 
Saco has an ebb-oriented flow structure with higher velocities towards the river 
mouth (Harder 2014), we formulated the following hypothesis: If dispersal of 
invasive Phragmites is a function of the strength and direction of water currents 
in the river, then Phragmites patches nearest the river mouth where 
hydrodynamic forces can move both seed and vegetative propagules more 
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readily, would have the highest genotypic diversity and more robust, rapidly 
expanding patches. Alternatively, environmental factors not directly related to the 
genetics of Phragmites stands, such as the degree of shoreline development and 
soil nitrogen levels could be more important to stand vigor. We accordingly 
explored the following questions: 1) of the many environmental features that vary 
among Phragmites patches, which ones are most closely related to patch vigor?;  
2) does genotypic richness correlate with patch vigor, as would be expected if 
invasive Phragmites is subject to an Allee effect?; and 3) is any observed Allee 
effect driven by the heightened potential for outcrossing in more clonally rich 
patches, as reflected in greater seed viability?  
 Methods 
Study area  
 The Saco River estuary served as the study site for this project (Figure 1). 
Beginning in the White Mountains of New Hampshire, the Saco River extends for 
202 km through New Hampshire and Maine before emptying into the Atlantic 
Ocean (USACOE 1990). Discharge rates average 100 m3s−1, but can surpass 
600 m3s−1 during spring runoff events (Kelley et al. 2005, Tilburg et al. 2011). The 
tidal portion of the Saco River is roughly 7.3 km long, located between the 
Cataract Dam (43˚29'44.38" N, 70˚26'47.95") and Saco Bay. The estuary 
contains salt, brackish and tidal freshwater marshes. Common wetland plants 
found in and around Phragmites patches included Carex palaceae, Juncus 
gerardii, Puccinellia spp., Schoenoplectus pungens, Spartina alterniflora, 
Spartina patens, Symphotrichum novi-belgii, Triglochin maritima, and Typha 
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angustifolia. Unfortunately, the history of Phragmites in the estuary is poorly 
known, so we cannot say exactly when it first began to gain a foothold. 
 
Hydrodynamics in the estuary 
 Drifters were employed to characterize flow dynamics in the estuary, 
which would help us to better understand the movement of waterborne 
propagules, and thus variation in genotypic richness among Phragmites patches. 
Locally purchased fruits, including  oranges, lemons, and summer squash, were 
used to simulate the trajectory of smaller clonal fragments and seeds. Nearly 800 
fruits were deployed in total. The drifters were released from a haphazard 
selection of ten Phragmites patch sites along the river at various points in the 
tidal cycle, chosen to reflect the diversity in size, density, and location of patches 
throughout the estuary (Table 1). Each fruit drifter was labeled with a code 
number, so that once found by our team or local residents, it could be reported 
on a university website. Fruits were released during the spring, late summer, and 
fall of 2013, since the Saco River's hydrodynamic regime varies seasonally.  
Seeds usually disperse in the late summer or fall (personal observation) but 
vegetative propagules could be relocated at any time. Discharge readings were 
gathered from the U.S. Geological Survey station's online database for Cornish, 
ME (01066000). 
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Phragmites patch dynamics 
 In order to model the factors driving Phragmites patch expansion and its 
relationship with genotypic richness, a host of environmental variables were 
measured in each patch. A sub-meter accuracy GPS (Trimble GEOXT-6000) 
was used to map the perimeter of all Phragmites patches in the estuary and 
along creeks that fed into the estuary during the summer of 2013. This 
information was then transferred to Pathfinder Office (v. 5.40.1.0, Trimble, Inc., 
Sunnyvale, CA, USA) and Google Earth (v.7.1.2.2041, Google Inc., Mountain 
View, CA, USA) GIS interfaces, in order to calculate patch areas. The expansion 
of all Phragmites patches between 2011 and 2013 was determined by measuring 
patch length and width in the field in 2011 and comparing to GPS-delineated 
patches in 2013. In order to characterize surrounding landscape variables for 
each patch, all Phragmites patches were located on 2009 georeferenced aerial 
photos from the Maine Office of GIS. Land cover was mapped (minimum 
mapping unit = 900 m2) in a 250 m zone surrounding each patch following the 
2006 classification scheme of the National Land Cover Dataset (Fry et al. 2011; 
See Table 2). Minor modifications were made to some cover class categories to 
better reflect the specific land cover types in the area. For example, sand, 
mudflat, and rock outcrop were originally treated as sub-categories of a single 
barren cover class. The distance from the center of each Phragmites patch to the 
mouth of the river and from patch edges to the nearest river edge and creek 
center were measured in ArcGIS (v.10.2.0.3348, Esri, Inc., Redlands, CA, USA).  
Creek centers were used rather than creek edges due to their small sizes and/or 
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their poorly defined edges.  
 Fifteen focal patches were chosen for genetic analysis,  representing a 
wide range of patch sizes and locations in the estuary. Patch vigor was 
characterized for thirteen of the fifteen focal patches (due to limitations) by rate of 
patch expansion, average stem density, and height. For density estimates, the 
number of stems were counted in three haphazardly located 1 m2 quadrats per 
patch, and a total of ten stem heights was measured for average height 
estimates.  Plant species diversity and percent cover was estimated in these 
plots using the point-intercept method, where a grid of 50 points was used 
(Roman et al. 2001). To further evaluate the factors associated with patch 
expansion, porewater salinity and soil nitrogen were also sampled. Two 1 m2 
sampling plots were established inside, on the edge of, and outside of (at least 
10 m away) nine of 15 focal Phragmites patches (again due to limitations), after 
Burdick et al. (2001). Surface porewater (roughly 10-15 cm depth) was sampled 
in June and August at 10-15 cm depth using a marsh sipper. Salinity was then 
determined with a refractometer. To measure available ammonium and nitrate in 
soils across a growing season, we used resin bags containing mixed bed 
exchange resin (Fitch et al. 2009). Resin bags were buried in the root zone in 
June and retrieved in late August. After air drying the resin and extracting with 
KCl, samples were sent to the University of Maine Soil Science Laboratory 
(UMSSL: Orono, ME) for analysis. Total soil nitrogen was determined from cores 
(5 cm depth; 3.5 cm diam.) sampled from each plot, then air dried, run through a 
2 mm sieve and analyzed by combustion (1350˚C) at UMSSL. 
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Genetic sampling and analysis 
 Molecular markers were used to confirm the presence of non-native 
Phragmites in the estuary, and to distinguish clones for genotypic richness 
estimates. Within each of the 15 focal Phragmites patches sampled for 
environmental variables, circular plots (10 m diameter) were established for the 
estimation of genotypic richness. Circular plots reduced the potential for edge 
effects that might be found using transects, where an “edge effect” refers to the 
phenomenon where apparent values of clonal diversity increase with perimeter-
to-area ratios (Arnaud-Haond et al. 2007). To maintain consistent sampling 
intensity, the number of circular plots sampled per patch was proportional to 
patch size. Twelve leaves were sampled from each plot, one from each of 12 
equidistant radial lines extending from the plot center to the plot edge. Leaf 
sample locations were stratified to capture the center, middle, and outer zones of 
each circular plot (Figure 2). Whole green leaves were harvested for genetic 
analysis, stored in a cooler in the field, and later transferred to an ultra-cold 
freezer (-80˚C) in the laboratory. Extraction of DNA from leaf tissue was 
conducted via Qiagen's DNeasy Plant Mini Kit (Germantown, MD) using a 
mortar, pestle, and liquid nitrogen to grind approximately 0.1 g of each sample.  
 Polymerase chain reactions (PCR) were run to identify the lineage of each 
sampled Phragmites stem, i.e. Eurasian or native. In this method, an intergenic 
spacer region of the chloroplast genome (based Saltonstall 2003) is amplified 
and digested with the endonuclease HhaI. Since only the invasive European 
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haplotype (Haplotype M) has a restriction site, it is distinguishable from native 
haplotypes based on number of restriction fragments. 
 In order to distinguish Phragmites clones within patches, amplified 
fragment length polymorphisms (AFLP) were generated following procedures 
similar to those of Vos et al. (1995), as outlined in Travis et al. (1996, 2004).  
This is a type of multi-locus genotyping method, which has been shown to allow 
for discrimination among clones (Saltonstall 2002, Howard et al. 2008).  A single, 
but highly informative, primer combination was used, containing the selective 
nucleotides EcoRI-ACG/MseI-AAC, which produced 28 polymorphic markers. 
Amplified fragments were separated on an ABI 310 Genetic Analyzer (Applied 
Biosystems, Inc., Foster City, CA) in the presence of an internal size standard.  
GeneMapper software (v. 4.0, Applied Biostatistics Inc. Foster City, CA) was then 
used to size the fragments for comparison among samples.  Scoring of marker 
presence/absence for each sample was completed using Genographer (v.2.1.4, 
Banks & Benham, 2008).   
 We attempted to use the methods of Duohovnikoff & Dodd (2003) for 
establishing a marker-sharing, i.e., similarity, threshold for distinguishing clone-
mates from non-clone-mates, but were unable to resolve a clear difference 
between their respective frequency distributions. This method helps to prevent 
two stems from the same clone from being assigned to separate clones when 
they differ slightly in marker content due to somatic mutations occurring over the 
lifespan of a clone (Duohovnikoff & Dodd 2003). In lieu of this approach, we 
initially utilized four discrete marker-sharing thresholds for assigning stems  
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clones: 100% marker sharing, 96%, 92%, and 89%. These thresholds 
corresponded to 0, 1, 2, and 3 out of 28 markers allowed to differ among stems 
within clones, respectively. We then ran preliminary analyses to determine if the 
relationship between genotypic richness and our other variables was consistent 
across the thresholds used. After confirming this to be the case, we settled on a 
threshold of 96% marker sharing for identifying clone-mates. Genotypic richness 
within each patch was calculated as (G-1)/(N-1), where G is the number of 
distinct genotypes in the patch, and N is the number of stems sampled (Travis et 
al. 2010). Pairwise marker-sharing frequencies were generated using NTSYSpc 
(v.2.10d, ABI, Port Jefferson, NY, USA).   
 
Seed viability 
 Seeds were collected in late September of 2013 from inflorescences of 
haphazardly located plants within thirteen of the fifteen focal Phragmites patches 
used in the genotypic richness analyses. The number of plants sampled was a 
function of patch size, with three samples per 10 m of plot diameter. 
Inflorescences were stored dry in the lab for two months and then stripped down 
to spikelets.  Germination protocols followed Kettenring et al. (2010), with the 
following modifications: Seed heads were combined per patch and approximately 
300 seeds per sample were put into folded Whatman filters. Cold treatment 
lasted for three months, and incubation took place in Petri dishes at average 
spring (April-June) temperatures of 13.6˚C during the daytime and 9.4˚C at night 
for three weeks. These parameters were based on Wells National Estuarine 
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Research Reserve (Wells, ME) meteorological data. Seeds were kept under a 
cold-moist treatment, since the rate of germination increases under these 
conditions (Kettenring & Whigham 2009). The results were tabulated by dividing 
the number of sprouted seeds by the number of seeds in each petri dish in order 
to derive an estimate of the proportion of viable seeds.   
 
Statistical analysis 
 We used multiple linear regression analysis to identify variables explaining 
Phragmites patch genotypic richness as well as patch vigor (recent patch 
expansion, stem density, stem heights, and seed viability). Variables examined 
for patch vigor included land cover types, as well as distance from the nearest 
water (i.e., river edge or creek), distance from the river mouth, and distance from 
the upland at the highest astronomical tide. Genotypic richness data included the 
previous measurements, in addition to nutrient data, porewater salinity, and 
species richness values. A forward selection process was used for model fitting 
because of the large number of variables involved, combined with a relatively 
limited sample size. We checked for normality and homogeneity of variances 
using basic diagnostic plots. Spearman rank correlations were used to assess 
the importance of variables that could not be normalized with log- or power-
transformations using SPSS (v. 21, IBM, Inc., Armonk, NY, USA). Tolerance 
values were employed to check for collinearity among explanatory variables, and 
AIC values were used to confirm that best fitting models were not over-
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parameterized. R (v.2.15.3, Gentleman & Ihaka, 1997) was used for all of these 
statistical analyses. 
 Results 
Hydrodynamics 
 Our focus on the Saco River estuary showed that fruit drifters 
predominantly moved downstream but were often caught up in tidal creeks 
(Figure 4). Return rates (i.e. fruit reports per release) ranged from 3 - 87%.  
Drifters were seen to move upstream with the incoming tide, and occasionally get 
caught in eddies or be trapped against the shoreline by strong currents. Many 
drifters entered the marshes along the river’s edge and never got washed out to 
sea, which suggests a mechanism for Phragmites recruitment from upstream 
patches to downstream marshes. River discharge values ranged from roughly 26 
m3/s to over 113 m3/s from the spring to the fall.    
 
Patch Vigor  
 Thirty-three total patches of Phragmites australis were mapped in 2013, 
with the majority of them located nearer to the river mouth than the Cataract dam 
(Figure 3). Patch areas ranged in size from less than one square meter (i.e. 3 
stems at PH35) to approximately 12,832 m2 (1.28 ha). The largest patch (PH16), 
while still maintaining a high density of stems, was also extensively mowed by 
local landowners.  Both live density (4-74 stems/m2) and height (1.15-3.02 m) of 
Phragmites stems varied among patches (Table 3). Between 2011-2013, patches 
expanded in area by 0% to over 300%.        
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 The increase in size of the Phragmites patches (log-transformed data) 
from 2011-2013 was not explained by any single environmental variable, 
although there was a marginally significant positive effect of open water fresh 
cover in the 250 m area surrounding patches (r2 = 0.102; p = 0.0539, power 
transformed data). The addition of a variety of other observed land cover 
variables (Figure 5) to this model failed to improve its fit to the data. Taller plants 
were found further from the river mouth (r=0.713, p=0.009, Spearman rank-order 
correlation). Regarding patch vigor, we also did not see any significant 
correlations with soil nitrogen, except for a positive relationship between 
available ammonium and stem height (rs= 0.817; p = 0.007, Spearman rank-
order correlation). 
 
Genotypic richness 
 Analysis of cpDNA revealed that all sampled patches and clones were of 
the non-native, i.e., invasive, variety. Genotypic richness of patches ranged from 
0.182-0.727 (Table 3). There was a roughly 1 in 600 probability of the genotypes 
of two unlike clones matching by chance alone, attesting to the informativeness 
of our AFLP markers.  
 Forward model selection indicated that there was a purely additive effect 
of both low-level development and barren sand on genotypic richness such that it 
increased with the sum of the two main effects (r2 = 0.7655; p = 0.0002, power & 
log transformed data) (Figure 6). Genotypic richness was also explained by the 
presence of “open water fresh” land cover when considered alone (r2 = 0.3047, p 
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= 0.0192, power transformed data). The same variables used to model potential 
drivers of expansion rates were also used in comparisons of stem density, 
another measure of vigor. Patch expansion, stem height, and seed viability did 
not correlate with genotypic richness of patches.  However, stem density was 
marginally correlated with the genotypic richness (r2 = 0.1623; p = 0.0955, log-
transformed data) (Figure 6).  The hypothesis that genotypic richness was a 
function of distance from the river mouth was not supported (r2 = -0.0681; p = 
0.7487, log-transformed data). 
 
Seed Viability 
	  
 Seed viability of Phragmites in the estuary was quite low.  Seven out of 
thirteen patches tested had 0% seed viability.  The greatest seed viability was 
found in PH22 at 1.32%.  Seed viability did not correlate with patch size or 
genotypic richness. Although, there was a marginal correlation between seed 
viability and ammonium and total nitrogen, both at the edge of patches (r2=0.407, 
p=0.05263; r2=0.406, p=0.05281 respectively).      
 
 Discussion 
	  
 Our hypothesis that Phragmites patches with higher genotypic richness 
would occur towards the river mouth was not supported.  We surmised that 
hydrodynamic forces could move propagules more readily where the strength 
and direction of tides and water currents were most conducive, e.g., downstream, 
towards the mouth of the river. However, since very few patches are located 
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higher in the estuary, there may not be enough genotypic richness to generate a 
ready supply of viable outcrossed seeds for recruitment into patches 
downstream. It is worth noting that drifters released high in the estuary 
sometimes came ashore high in the estuary due to tides, eddies, and other 
related physical dynamics, so the movement of seeds within the estuary may be 
limited to fairly short distances. These drifter findings inform our understanding of 
Phragmites dispersal within the estuary, explaining why we may not only see 
more patches, but also many newly forming patches towards the river mouth.  
           The fruit drifters indicated that although many propagules eventually move 
downriver, they can also easily be trapped in marshes along the way. For 
instance, near patch PH22, fruits released at different tidal cycles from separate 
upriver drop sites were found together, near some newly sprouting patches along 
a creek. While this cannot explain how these new patches started (i.e. via water 
transport), they do suggest the potential for spread throughout the estuary 
resulting from the geomorphology and hydrodynamics of the system. 
Additionally, other studies have also noted patch establishment within 5 meters 
of a creek (Lathrop et al. 2003). Sites with high “return rates” occurred where fruit 
did not travel far from their release locations before being deposited on land – an 
indication that the patches in these areas might grow larger in a short period of 
time through high rates of recruitment. 
 One of the key facets of our analysis was determining if there was a 
relationship between genotypic richness and patch vigor. Our models indicate 
that patch expansion (a measure of vigor) was not influenced by genotypic 
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richness directly, but that the two were driven by somewhat overlapping sets of 
environmental variables. For example, both patch expansion and genotypic 
richness were influenced to some extent by degree of access to open fresh 
water. Open fresh water has the potential to move propagules into patches as 
well as keep the soil fresher, thereby preventing the negative impact of salt on 
Phragmites growth (Burdick et al. 2001). Genotypic richness was also influenced 
by a positive additive effect between low intensity development and barren sand 
in the area surrounding patches.  We conjecture that these low development 
areas were often heavily trafficked by recreational boaters, and contained more 
open space for recruitment of seeds than medium or highly developed areas. 
Low development areas are typically occupied by land owners who have boat 
docks situated along the edge of the river, and thus may frequently travel through 
marsh areas distributing seeds and vegetative fragments clinging to their boat 
hulls. Additionally, these are fairly open areas with few barriers to dispersal, as 
explained in Nathan et al. (2008). Barren sand, often located in or near these 
recreational areas, may also provide available substrate for seed germination.  
 There was also a slight correlation between stem density (as a measure of 
vigor) and genotypic richness in patches.  This provides at least limited support 
for our hypothesis that the close proximity of distinct genotypes in rich patches 
allowed for heightened outcrossing. When genotypic richness is low, 
opportunities for outcrossing are reduced leading to an Allee effect, where 
outcrossing, and thus sexual recruitment, is limited (Kettenring 2010). For 
Phragmites in our study system, this means that the invasion may currently be 
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suppressed, but could rapidly expand given more time for growth and 
subsequent genetic mixing. In other northeastern areas, including Maine and 
Canadian provinces, genotypic values ranged from 0 - 1 (Kirk et al. 2011). In the 
11 stands that Kirk et al. (2011) investigated in southern Maine, the mean of 
genotypic richness was 0.443, with a standard error of 0.093, whereas, we saw a 
mean of 0.464, and a standard error of 0.044. The authors considered the 
genotypic richness in Maine stands to be high, and our average genotypic was 
slightly higher. 
 Currently, the drivers of patch expansion in the Saco river estuary may be 
different from other regions described in the literature because an Allee effect 
may still be limiting increases in genotypic richness and patch vigor. Documented 
drivers of patch expansion include disturbance events (Lathrop et al. 2003) and 
watershed development (King et al. 2007). We also did not see relationships 
between patch expansion and nitrogen unlike other studies in the literature (King 
et al. 2007). Further study is warranted to determine if levels of nitrogen in Maine 
marshes are lower than those in marshes in the Chesapeake, where many 
Phragmites studies have been conducted. Similarly, Fussell et. al (2015) was 
unable to demonstrate a positive relationship between patch expansion and 
nitrogen levels or local landscape modification, such as developed shorelines, in 
nearby York, Maine.  Their soil nitrogen levels ranged from 0.021 - 0.070 mg/ 
gram resin (N=9) - values comparable to our "outside" patch data, but greater 
overall. Perhaps findings that high levels of development do play a role in 
expansion rates, such as in McCormick et al. (2010) and King et al. (2007), are 
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due to the duration of establishment, which has provided enough time for any 
initial Allee effects to be overcome. For instance, marshes in Chesapeake Bay 
have larger Phragmites stands, and therefore represent a longer time series over 
which to observe  trends in relation to coastal development (Baldwin et al. 2010).  
 Additionally, Kettenring et al. (2010) found that not only did larger patches 
have greater genotypic richness, but patches with a greater number of genotypes 
produced more seeds, however their sites are generally larger than ours ranging 
from roughly 30 m2 to over 22,000 m2 . In contrast, we did not see any 
relationships between patch size or genotypic richness and seed viability.  Seed 
viability in the estuary was also quite low - perhaps also due to the Allee effect. 
While seed viability experiments within the laboratory have been successful 
(Kettenring et al. 2010), they still differ from natural conditions. This could have 
led to depressed levels of germination, which gave a somewhat false impression 
of viability. However, Kettenring & Whigham (2009) noted that seed viability was 
less than 1% in most of their study patches.  
 We also saw variability in genotypic richness values among patches, an 
indication that Phragmites could potentially overcome the weak Allee effects it is 
experiencing. Thus, while seed viability currently remains low, the recruitment of 
new genotypes is clearly occurring, which should in due time create a heightened 
potential for outcrossing and therefore, greater degrees reproductive success 
(Kettenring et al. 2010).     
Our results indicate that no particular location relative to the river mouth 
should be given priority for Phragmites control/removal; rather it is highly likely 
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that, unmonitored, future patches will develop. Patches are also expected to 
grow more vigorously in locations proximate to open fresh water and low 
developed areas near barren sand, thus calling for increased vigilance and early 
detection in these areas.     
 
  
	  38	  
	  
Table 1. Fruit drifter releases. Number of fruits released was based on site, timing, and availability.  
"Stayed" refers to fruits that did not leave the vicinity where they were released.  
 
 
Location Released Coordinates 
Date 
Released 
Approx. 
Tidal 
Stage 
at 
Release 
Total 
Fruits 
Released 
Total 
Fruits 
Found 
Total 
Return 
Rate 
Estimated 
Time Span  
of Finding 
Cove near Saco 
Sewage Treatment 
Plant near PH 
9,10,11 
N 43˚29' 34.3"; 
W 70˚26' 19.8" 6/13/2013 flood 90 13 
14.44
% 
4.25 hrs- 
16 days 
Marblehead Boat 
Launch near PH1 
N 43˚ 28' 26.4", 
W 070˚24' 26.1" 6/20/2013 ebb 150 17 
11.33
% 
1 hr - 
 4 days 
PH1 - Marblehead 
Creek 
N  43°28'22.31", 
W 70°24'32.51" 8/6/2013 flood 30 1 3.33% 1 day 
PH1 - Marblehead 
Creek 
N 43°28'22.22", 
W 070°24'32.29" 10/15/2013 ebb 30 2 6.67% 
3 days - 11 
days 
PH 16 - near dock 
N 43°27'59.05", 
W 70°23'38.46" 7/1/2013 flood 60 6 
10.00
% 
1 day -  
20 days  
UNE Site   
near PH 8 & 23 
N 43°27'35.83", 
W 70°23'19.26" 7/1/2013 flood 17 6 
35.29
% 
3 days -  
12 days 
UNE Beach  
(no Phrag) 
N 43°27'37.55", 
W 70°22'44.49" 8/5/2013 ebb 24 1 4.17% 2.5 hours 
Near PH 22 
N  43°27'52.87", 
W 70°23'9.25" 8/6/2013 flood 30 1 3.33% 4 days 
Creek at PH7 
N  43°27'57.30", 
W 70°23'26.75" 8/6/2013 flood 30 2 6.67% 1 day 
Creek at PH7 
N 43°27'57.13",  
W 070°23'27.42" 10/28/2013 ebb 30 1 3.33% 7 days 
PH13 - Saco Town 
Beach 
N 43°28'33.14", 
W 70°23'57.91" 8/6/2013 flood 60 14 
23.33
% 
1 day -  
6 days 
PH 26 
N 43°28'.66",      
W 070°23'10.68" 10/12/2013 flood 30 25 
83.33
% stayed 
PH 26 
N 43°28'0.05", 
W 70°23'10.59" 10/28/2013 ebb 30 26 
86.67
% stayed 
UNE Site  
near PH 8 & 23 
N 43°27'35.04", 
W 070°23'21.06" 10/18/2013 flood 30 1 3.33% 2 days 
Christopher Wharf 
near PH 6,5,4,3 
 N 43°27'57.95" 
W 70°23'52.15" 10/28/2013 ebb 30 4 
13.33
% 
1 day -  
6 days 
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Table 2. Land cover categories. Categories are from the 2006 classification scheme of the National 
Land Cover Dataset (Fry et al. 2011), with some modifications. 
Class Name Description 
Agriculture - Field Crop Includes all land being actively tilled (plowed, sowed, harvested)  
Agriculture - Grass Areas of grasses, legumes or grass-legume mixtures planted for livestock  
grazing OR for the harvesting of seed or hay crops, typically on a perennial cycle.  
Barren-Sand All barren landforms comprised of sand, including sand lenses in marshes, beaches & 
dunes. 
Barren-Mudflat Tidal mudflats; includes freshwater drainage channels within marsh zones. 
Barren-Rock outcrop  All remaining barren areas that are neither channel-edge  mudflat nor sand; most are rock 
outcrops. 
Developed - Low Impervious surfaces are 20% to 49.9% of the polygon area. A single-family detached 
residence on a large lot (e.g., more than ¼ acre & less than ~1.5 acres) with driveway, large 
yard & multiple shade trees is an example. 
Developed - Medium Impervious surfaces are 50% to 79.9% of the polygon area. A single-family detached 
residence on a small lot  (e.g., ¼ acre or less) with driveway, small yard & two or fewer 
shade trees, contiguous with similar parcels, is an example. 
Developed - High Impervious surfaces account for greater than 80% of the polygon area. Paved roadways, 
parking lots, large roof areas in high- density neighborhoods, & multi-family residential units 
with paved parking areas are classified within developed-high polygons. 
Developed - Open Space Areas with human-modified land cover, but mostly or all vegetation. Impervious surfaces 
account for 20% or less of total land cover area within the polygon. A single-family detached 
residence on a very large lot (typically >= 6,000m2, or >~1. 5 acres) is an example.  
Dune Grass Beaches, coastal dunes, or dry upland terrain within marshes, that is covered with 
unmaintained dune grasses. 
Forest - Deciduous Areas where trees are >= 25% of total land cover & more than 75% of the tree canopy are 
deciduous species. 
Forest - Evergreen Areas where trees are >= 25% of total land cover AND more than 75% of tree canopy are 
coniferous species. 
Forest - Mixed Areas where trees are >= 25% of total land cover AND neither deciduous nor evergreen 
species comprise 75% or more of the tree canopy. 
Marsh – Emergent  Areas where perennial herbaceous vegetation accounts for greater than 80% of vegetative 
cover AND the soil or substrate is periodically saturated with or covered with water. 
Marsh – Woody Area where forest or shrubland vegetation accounts for greater than 20% of vegetative 
cover & the soil or substrate is periodically saturated with or covered with water. 
Open Water - Fresh Open water in areas above the high tide line. 
Open Water - Tidal Open water in areas below the high tide line 
Shrub-Herb (Shrub-Scrub) Areas dominated by shrubs: vegetation less than 5m tall with shrub canopy typically greater 
than 20% of all vegetation. This class includes true shrubs, young trees, & trees stunted 
from environmental conditions. 
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Table 3. Patch characteristics taken from a subset of the Phragmites patches in the Saco river 
estuary. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Patch ID 
Area 
(m2) 
Density 
(Ave. # 
stems/p
er m2) 
Heig
ht 
(cm) 
Distance 
to River 
Mouth 
(m) 
Genotypic 
Richness 
Seed 
Viability % 
1 984 21 ± 9 
302 ± 
11 3330 
0.364 
0.48 
2 1045 28 ± 4 
235 ± 
22 2345 
0.500 
0 
6 15 5.0 ± 1 
128 ± 
10 1810 
0.273 
ND 
7 2424 43 ± 5 
238 ± 
14 1486 
0.673 
0 
8 100 21 ± 14 
200 ± 
18 1116 
0.455 
0 
9 83 18 ± 8 
292 ± 
12 7147 
0.455 
0.37 
10 1 ND ND 7152 
0.455 
0 
14 420 57 ± 7 
254 ± 
7 2782 
0.545 
1.17 
15 126 43 ± 15 
187 ± 
13 2658 
0.182 
0 
16 12832 75 ± 12 
243 ± 
19 1461 
0.662 
0 
19 146 18 ± 7 
134 ± 
9 1338 
0.727 
0.59 
20 21 12 ± 3 
115 ± 
11 1419 
0.636 
0 
22 28 4 ± 1 
122 ± 
13 914 
0.182 
1.32 
23 45 6 ± 1 
160 ± 
9 1164 
0.400 
0.41 
30 0.5 ND ND 2311 
0.455 
ND 
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Table 4. Additional patch characteristics indicating average differences between areas on the border 
of Phragmites patches, within the patches, and completely outside of the patches.  Superscript 
letters refer to which comparisons yielded significant differences (p≤0.025).  
Location 
Species 
Richness H' 
Porewater 
Salinity 
(ppt) 
% Total 
Nitrogen 
Nitrate NO3- -N 
(mg ion/g 
resin) 
Ammonium 
NH4+-N  
(mg ion/ g 
resin) 
Edge 9 ± 1a 
1.50 ± 
0.08ab 
6.04 ± 
0.83a 
0.907 ± 
0.164 0.013 ± 0.004ab 0.111 ± 0.053ab 
Middle 7 ± 1ab 
1.05 ± 
0.22 a 
6.27 ± 
0.72a 
1.103 ± 
0.139 0.009 ± 0.004a 0.123 ± 0.072a 
Outside 9 ± 1b 
1.32 ± 
0.15b 
6.69 ± 
1.10a 
0.997 ± 
0.142 0.023 ± 0.012b 0.064 ± 0.017b 
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Figure 2. Sampling scheme for leaf collection.  A circular pattern was chosen circles to reduce the 
potential for edge effects that might be found using transects (Arnaud-Haond et al. 2007). Once 10 m 
diameter plots were randomly located in each Phragmites patch, each plot was subsequently divided 
into twelve sections based on compass directions.  Plots were further divided into three target 
areas: from the center to one meter, from one meter to five meters, and from five meters to ten 
meters. Randomly located sampling points were located on equidistant lines within each target area.   
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  Figure 4. Locations of fruit drifter release and recovery in the Saco River estuary.  	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Figure 5.  Average percentage of each land-cover type in the 250 m zones around Phragmites 
patches.   
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Figure 6. Plots indicating positive additive relationship between genotypic richness and a 250 m low 
developed zone and barren sand zone around Phragmites patches (r2 = 0.7655; p = 0.0002, power & 
log trans. data). Genotypic richness and Phragmites stem density also correlated positively (r2 = 
0.1623; p = 0.0955, log-transformed data).  
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Appendix A 
Untransformed environmental Characteristics for subset of Phragmites patches 
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Appendix B 
Untransformed data for all Phragmites patches 
 
 
	  
	  
	   	  
Pa
tc
h	  
Id
en
.
Di
ff
.	  
Ap
pr
ox
	  
Ar
ea
s
Ap
pr
ox
.
Pa
tc
h	  
Ar
ea
	  
(m
2)
Di
st
an
ce
	  
N
ea
re
st
	  
W
at
er
	  (m
)
Di
st
an
ce
	  
fr
om
	  U
pl
an
d	  
(m
)	  U
si
ng
	  
th
e	  
HA
T
Di
st
an
ce
	  
to
	  R
iv
er
	  
M
ou
th
	  
(m
)
Ag
ric
ul
tu
re
_
Fi
el
dC
ro
p
Ba
rr
en
_
Ro
ck
Ba
rr
en
_
M
ud
fla
t
Ba
rr
en
_
Sa
nd
De
ve
lo
pe
d
_H
ig
h
De
ve
lo
pe
d
_L
ow
De
ve
lo
pe
d
_M
ed
iu
m
De
ve
lo
pe
d_
O
pe
nS
pa
ce
Fo
re
st
_	  
De
ci
du
ou
s
Fo
re
st
_	  
Ev
er
gr
ee
n
Fo
re
st
_
M
ix
ed
M
ar
sh
_	  
Em
er
ge
nt
_H
ig
h
M
ar
sh
_	  
Em
er
ge
nt
_
Lo
w
M
ar
sh
_
W
oo
dy
O
pe
nW
at
er
	  
_F
re
sh
Sh
ru
b_
He
rb
1
54
0
98
4
0
0
33
30
0
0.
00
2
0.
10
9
0
0.
12
2
0.
15
0.
06
4
0.
10
8
0.
24
4
0.
00
5
0.
06
5
0.
05
1
0.
06
9
0
0.
00
6
0.
00
5
2
59
4
10
45
0
0
23
45
0
0
0.
05
1
0
0.
02
4
0.
14
2
0.
02
0
0.
60
4
0
0.
11
8
0.
00
5
0.
03
6
0
0
0
3
0
26
6
2
0
17
96
0
0
0.
08
6
0
0.
01
1
0.
11
8
0.
00
7
0.
03
3
0.
24
0.
06
4
0.
11
3
0.
05
4
0.
26
9
0
0
0.
00
5
4
41
.5
58
0
13
18
25
0
0
0.
08
0
0.
01
1
0.
11
5
0.
01
4
0.
04
1
0.
24
1
0.
06
4
0.
10
4
0.
06
0.
26
1
0
0
0.
00
9
5
34
.5
31
11
7
18
48
0
0
0.
07
3
0
0.
01
1
0.
11
2
0.
01
4
0.
05
9
0.
24
6
0.
06
1
0.
09
5
0.
06
8
0.
24
9
0
0
0.
01
2
6
12
15
12
40
18
10
0
0
0.
07
8
0
0.
00
3
0.
09
3
0.
01
5
0.
07
3
0.
33
5
0.
02
6
0.
04
1
0.
07
2
0.
25
9
0
0
0.
00
5
7
11
58
.7
5
24
24
0
0
14
86
0
0
0.
07
9
0.
06
5
0.
05
2
0.
22
0.
11
0.
15
1
0.
00
8
0
0
0.
11
1
0.
10
5
0
0.
02
1
0.
07
8
8
13
6.
25
10
0
32
1
11
16
0
0.
01
4
0.
13
7
0
0.
27
1
0.
02
6
0.
01
3
0.
29
6
0.
19
5
0
0
0
0.
04
8
0
0
0
9
44
83
0
0
71
47
0
0.
00
7
0.
03
1
0
0.
21
3
0.
06
5
0.
27
7
0.
07
7
0.
15
9
0
0
0.
02
8
0.
10
5
0.
02
1
0
0.
01
7
10
0
1
0
0
71
52
0
0.
00
6
0.
03
1
0
0.
20
4
0.
06
6
0.
28
4
0.
07
3
0.
16
5
0
0
0.
02
8
0.
10
7
0.
02
2
0
0.
01
4
11
0
89
14
0
0
71
29
0
0.
00
5
0.
03
8
0
0.
19
1
0.
06
7
0.
27
9
0.
07
1
0.
17
0
0
0.
02
8
0.
11
5
0.
02
1
0
0.
01
5
12
3.
75
41
5
8
13
30
49
0
0
0.
29
0
0.
01
3
0.
16
0.
03
6
0.
03
9
0
0.
01
5
0.
24
1
0.
05
6
0.
13
9
0
0
0.
01
1
13
21
.2
5
16
5
1
73
27
89
0
0
0.
40
1
0
0.
00
9
0.
05
8
0.
00
1
0.
00
3
0
0
0.
17
8
0.
10
8
0.
24
2
0
0
0
14
98
42
0
11
36
27
82
0
0
0.
24
0.
00
7
0.
01
9
0.
09
6
0.
01
7
0
0.
01
3
0
0.
23
9
0.
15
1
0.
21
4
0
0
0.
00
4
15
78
12
6
7
8
26
58
0
0
0.
23
1
0.
05
3
0.
02
4
0.
00
8
0.
10
9
0.
02
6
0.
08
1
0.
04
1
0.
07
9
0.
11
1
0.
23
2
0
0
0.
00
5
16
61
20
12
83
2
1
0
14
61
0
0
0.
09
9
0.
05
0.
07
7
0.
29
5
0.
12
0.
12
2
0.
01
4
0
0
0.
06
5
0.
09
1
0
0.
02
0.
04
7
17
9.
75
31
1
10
14
44
0
0
0.
04
7
0.
07
0.
04
4
0.
20
1
0.
14
3
0.
13
0.
01
0
0
0.
14
0.
12
9
0
0.
01
0.
07
6
19
36
14
6
8
13
13
38
0
0
0.
04
1
0.
07
1
0.
03
8
0.
19
5
0.
14
7
0.
08
4
0.
01
2
0
0
0.
14
1
0.
19
5
0
0.
00
2
0.
07
4
20
33
21
13
73
14
19
0
0
0.
09
0.
09
1
0.
02
5
0.
16
9
0.
08
7
0.
14
9
0
0
0
0.
15
4
0.
14
8
0
0.
02
1
0.
06
6
22
12
28
1
30
91
4
0
0.
00
2
0.
09
7
0.
06
6
0.
14
1
0.
03
5
0.
21
5
0.
01
8
0
0
0
0.
13
5
0.
23
7
0
0
0.
05
4
23
32
45
15
3
11
64
0
0.
01
2
0.
14
6
0
0.
24
8
0.
00
6
0.
04
1
0.
28
0.
22
7
0
0
0
0.
04
0
0
0
25
11
0
39
91
10
3
11
47
0
0
0.
09
3
0.
09
7
0.
01
3
0.
08
9
0.
10
7
0.
04
7
0
0
0
0.
18
5
0.
29
8
0
0
0.
07
1
26
39
6.
95
63
0
3
0
11
21
0
0
0.
01
2
0.
02
8
0.
11
7
0.
16
9
0.
32
4
0.
02
1
0.
03
0
0
0.
09
7
0.
15
3
0
0.
00
1
0.
04
8
27
79
5
79
5
0
0
34
74
0.
00
1
0
0.
04
5
0
0.
09
4
0.
29
8
0.
07
6
0.
13
9
0.
19
0.
00
9
0.
05
0.
01
3
0.
02
2
0
0.
00
8
0.
05
5
28
54
1
54
1
0
0
33
66
0
0
0.
05
5
0
0.
09
9
0.
26
0.
09
1
0.
13
1
0.
22
3
0.
00
8
0.
05
4
0.
02
0.
03
6
0
0.
00
7
0.
01
6
29
8
8
0
0
32
53
0
0
0.
08
0
0.
07
8
0.
20
3
0.
08
4
0.
13
8
0.
25
5
0.
00
3
0.
06
3
0.
03
2
0.
05
6
0
0.
00
6
0.
00
2
30
0.
5
0.
5
2
8
23
11
0
0
0.
04
7
0
0.
02
5
0.
11
5
0.
02
1
0
0.
62
7
0
0.
11
6
0.
01
2
0.
03
7
0
0
0
31
2
2
6
25
19
35
0
0
0.
02
7
0
0.
03
6
0.
18
7
0.
03
5
0.
13
7
0.
28
6
0.
01
8
0.
05
2
0.
05
5
0.
15
8
0
0
0.
00
9
32
1
1
3
23
19
25
0
0
0.
02
9
0
0.
03
5
0.
18
3
0.
03
3
0.
13
7
0.
29
2
0.
01
6
0.
04
4
0.
05
6
0.
16
7
0
0
0.
00
8
33
4
4
19
89
97
3
0
0.
00
2
0.
07
9
0.
07
7
0.
10
5
0.
02
3
0.
21
4
0.
01
8
0
0
0
0.
15
0.
26
5
0
0
0.
06
7
34
0.
5
0.
5
25
83
99
0
0
0.
00
2
0.
06
6
0.
06
8
0.
12
5
0.
03
5
0.
24
2
0.
01
7
0.
00
1
0
0
0.
14
0.
24
5
0
0
0.
05
9
35
0.
5
0.
5
25
81
10
05
0
0.
00
2
0.
06
2
0.
06
6
0.
12
9
0.
03
7
0.
25
3
0.
01
6
0.
00
2
0
0
0.
13
7
0.
23
8
0
0
0.
05
8
36
24
24
29
11
28
0
0
0.
12
0.
12
5
0.
00
2
0.
04
1
0.
05
2
0.
05
3
0
0
0
0.
22
6
0.
30
4
0
0
0.
07
7
	  54	  
	  
Permits/ Approvals 
 
	  55	  
	  
 
